Abstract-Microscope images of marble thin sections can be used to determine their geographical origin by means of the shapes, sizes, and spatial distribution of their grains. In this paper, we present a method that is the first step towards an automatic origin determination, namely, the segmentation of grains in digital images of thin marble sections. Each grain has a preferred direction, different from the one of its neighbors, that rules its behavior when illuminated with polarized light. Firstly, we perform an oversegmentation of the image in regions, each one corresponding only to a grain, although this one can be partitioned into several regions. Afterwards, from a sequence of images of the same sample, obtained with polarized light, we compute for each region two parameters which depend on the preferred direction of the grain to which it belongs. Finally, the set of parameter values for all the regions is the input to a region-merging procedure which achieves the final segmentation. We present the results for samples from six quarries, each one with different visual features. Copyright 0 1996 Elsevier Science Ltd
INTRODUCTION
The method we present is part of a more general project about the geographic origin determination of ornamental stones used in the Roman period (Alvarez, Plana, and Puig, 1990) . The final goal is to classify a marble sample into one of several quarries, to contribute to the knowledge of the trading routes in that period.
Marble recognition has been performed using techniques based on the physical, chemical, and visual properties of samples, such as the analysis of different element traces, stable isotopes, X-ray spectroscopy and diffraction, distribution and size of porus, etc. (Herz and Waelkens, 1988) . Methods based on visual features are liable to be automated by digital imageanalysis computer programs. This usually represents a greater classification speed and flexibility of the implementation at relatively low cost. The visual recognition of marble samples is carried out by studying marble thin sections viewed through a petrographical microscope. It takes into account the shape, size distribution, and spatial distribution of grains, factors which are related to the marble petrogenesis.
For example, Carrara samples are recognized by the regular shape and constant size of their grains, whereas Paros samples show two dominant, different sizes (Fig. 10) .
In this article, we present a method that is the first step towards an automatic origin determination, namely the segmentation of grains in digital images of marble thin sections. The segmentation of grains in an image from a microscope without polarization is not an easy problem to solve. On one hand, in the inside part of each grain, there may appear macles and fractures that look similar to real grain contours. Macles are the borders between twin crystals and they appear in the image as straight scratches. Moreover, real contours sometimes fade out (Figs. 10 and 11). As a result, the output of edge detection operators may be incomplete and unreliable. On the other hand, the intensity variations inside grains prevent the segmentation by uniform gray-level region detection.
Each grain in a thin marble section has its own preferred direction, usually different from the ones of its neighboring grains. Therefore, when we change the angle between the analyzer and polarizer in a petrographical microscope, each grain exhibits a different, characteristic pattern of intensity variation or incident light transmission.
The human expert takes advantage of it in order to distinguish the grains, and so does our method. Figure 1 belonging to the same grain are merged according to a similarity measure defined on two parameters which are related to the preferred direction at each point. They are the amplitude and phase of the sinusoidal intensity pattern which exhibits each grain point, computed from the two sequences of polarization images. Finally, we eliminate from the merged image the grains located inside other grains. In the final section we show and discuss the results achieved for samples coming from six different quarries.
MATERIAL
We have studied samples of marbles coming from the following quarries: Carrara (Italy), Paros, Pentelikon, Naxos (Greece), Proconnesos, Aphrodisias, Afyon (Turkey), and Estremoz (Portugal). They have been sampled from pieces of sculptures or building elements from the Greek and Roman periods. We can identify in them a broad range of grain shapes and sizes, although all of them are made of calcite, a uniaxial crystal.
Samples are 3 cm long, 2 cm wide and 30-40 pm thick. To examine them, we have used a petrographical microscope Leit Ortolux. Its analyzer has a precision of O.l", and the polarizer can be put into two positions, 0" and 90". We have selected for each sample the objective lens that, keeping a reasonable grain size, visualized a sufficient number of grains for classification purposes. Digital images were captured directly from the petrographical microscope with a black and white CCD camera connected to an acquisition board Matrox IPS of 1 M. Image resolution is 512 x 512 pixels and 256 grey levels.
Our method has been implemented on a PC with an Intel 486 processor at 33 MHz and 8 MBytes of RAM. The program is not standalone, but it is integrated in ViLi, an image processing and analysis environment conceived by the Computer Vision Group of the Universitat Autonoma de Barcelona (Sanchez, 1994; Sanchez and Vitria, 1993 ViLi includes more than 200 C and Lisp image processing functions, which can be invoked from any Lisp or C ViLi program.
METHOD

Basis of the method
The amount of light that passes through a uniaxial crystal placed between two nicols is given by the Johannsen equation (Wahlstrom, 1969) . It relates the incident light intensity I,(n) which illuminates a sample with the intensity transmitted (observed) through a petrographic microscope Z, (1):
where 1 is the wavelength of light, A is the difference in trajectory between the fast and slow waves as the light goes through the crystal, 4 is the angle between the analyzer and polarizer preferred directions, and 7 is the angle between the polarizer and the crystal preferred directions (Fig. 2) .
Therefore, 7 and A are characteristics of each grain. If the light source emits in a spectral range A, then the total incident and transmitted intensities are
Inside each grain A is constant. We Equation (2) by taking
where 0 6 K ,< 1. Note at this point that we do not know the value of K and 7 at each grain. However, our goal is not to calculate them, but to investigate how they affect the transmitted intensity depending on the angle 4 between analyzer and polarizer, which we can fix. Let us rewrite Equation (2) by grouping the terms depending on 4:
Referred direction where A = 1 -2K sin2(27) and B = K sin(47). This expression can be simplified if we define two new variables M and D:
Hence, Z,, is a sinusoidal function of amplitude MI, and phase D, both values being functions of K and 7, characteristics of each grain. The computation of M and D for each pixel will help us to differentiate adjacent grains.
If we fix the polarizer position, we observe that the transmitted intensity at some grains is relatively low and does not change much when we modify the analyzer angle (Fig. 3) . The reason is that in those grains the amplitude M is small. Therefore, the phase D computed from the intensities Z,(4) will not be reliable, because of the low signal-to-noise ratio (see later section). In order to overcome this problem we acquire a second sequence of images, but at a different polarizer angle. Let us see which one will be the more suitable.
M is a function of K and 7. As we cannot change K, we shall look for the value of 7 which maximizes M:
Extrema seen at 7 = krc/4 and maxima at 7 = kn/2, k = 0, 1,. . Hence, taking two sequences of images with their polarizer angle 45" apart, say 0" and 45", will assure us for each grain a high amplitude and a reliable phase at least in one of the two sequences. 
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Photometric and geometric corrections
According to the former image formation model, for each zone of a marble sample we want to segment, we capture: Lighting of Z, is not homogeneous, as can be seen in the background image 1, of Fig. 4B . Microscope optics also can introduce some lesser photometric distortions. We must correct I, to make sure that the transformations we apply will be spatially invariant, that is, they will have the same effect everywhere. The nonpolarized and background images can be modeled as
Zb=ZTb,
where I represents an ideal, completely homogeneous incident lighting, T, is the sample transmittance and T, is the background and microscope optics transmittance, to which we transfer all the inhomogeneity defects of the real lighting (Castleman, 1979) . The image we are interested in is the sample transmittance T, = I,/&. In practice, in order to accelerate computations, we shall work with a 256 level (one byte/pixel) quantization of T, (Fig. 4C ) instead of its floating point version.
A second problem we encountered is that images from the sequences exhibit a slight displacement (up to 6 pixels) according to the nonpolarized image. It is possibly the result of a deviation of light caused by the analyzer of our microscope. For each image from a sequence we must determine its displacement and then translate the image according to the opposite vector. The alignment of images is essential, because the amplitude and phase at each point are computed from the intensities at the same coordinates along the sequences.
To compute the displacement vector we use the correlation (f*g)(r,s)= 5 i f(U)g(r+i,s+j), (9) i= -Nj=-N which is a similarity measure in the sense of linear dependency, in particular identity. Equations (6) and (8) show that there is not a linear relationship between the nonpolarized image and an image of any sequence. Despite this, the intensity in the border of grains does approximately coincide in both images. Therefore, we compute the correlation of their gradient modules, approximated as the absolute difference between the local maximum and minimum in a 3 x 3 window:
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The displacement vector goes from the center of the correlation image to its maximum (Fig. 5 ). 
Phase and amplitude computation
where IF(u)1 is the module and e(u) is the phase of the u th harmonic. F(0) is the average of the N values. Iffis a sinusoidal function of period N, it can be seen that 1 F( l)l is equal to its amplitude, 0( 1) its phase and F(u) = 0 for u = 2. . . N -1. As a result of noise, sampling, and quantization errors, the intensity in our image sequences is not a pure sinusoidal function. These latter harmonics are not zero, although they are so small in magnitude we can ignore them. To sum up, in order to obtain the phase and module of a sequence Zk at a point (i, j), we only need to compute the first harmonic of Zk( &, i, j), zk(~lri,j),...,zk(~N-lrirj).
F(1) is computed from a sequence of intensity values within one period. If we decide to take sequences of N images, then & = kz/N, k = 0.. . N -1 because Z, has frequency 24. The greater the number of images N, the more precise the computation of F( 1). However, our experience is that results are satisfactory for the most part for marble samples with just three images per sequence, at $, = O", 4z = 60", and & = 120". Figure 6 shows the images of module and phase at 0" and 45" for a Carrara sample. The purpose of oversegmentation is to partition the image T, into regions, each one belonging only to a grain, although grains can be split into several regions. Thus, we just have to merge regions suitably in order to reach the final segmentation.
Oversegmentation
The oversegmentation step is based on the watershed transformation (Beucher, 1982; Meyer and Beucher, 1990) coming from the mathematical morphology field (Serra, 1982) . It divides the image into influence regions of local minima. If we view the image as a topographical relief, local maxima correspond to summits and ridges, and local minima to valleys and sinks. Let us suppose that it is raining on our topographical relief. When a drop of water falls on the surface, it follows the steepest descent path until it reaches a local minimum. The influence region of that local minimum is the set of such points and their paths, that is, its slope basin. The set of points from which several paths of maximum slope arise towards different sinks is termed a watershed or divide. The watershed transform computes all those slope basins or, equivalently, the divide lines. Watershed algorithms are complex, and its description is beyond the purpose of this paper. References (Serra, 1982; Vincent and Soille, 1993) decribe two different implementations.
If we invert the T, image and plot it taking gray level as height (Fig. 7) , we realize that grains are slope basins separated by narrow crests, which in T, are macles or the boundaries of grains. However, if we apply the watershed transformation directly on the inverted transmittance image 255 -T,, we obtain an excessive oversegmentation.
The reason is the large number of intensity variations that, despite being small, give rise to too many local minima. To overcome this problem, we previously smooth the image by an erosion-reconstruction filter (Serra, 1986) . This morphological filter consists of a local minimum transform followed by a series of local maximum transforms conditioned to the original image. The local neighborhood considered is a square of 5 x 5 dimension. Figure 8 compares the watershed of an inverted transmittance image with and without previous smoothing. 
REGION MERGING
In this part of the process, we perform the merging of the regions which belong to the same grain. Two adjacent regions are merged if one of the following criteria is fulfilled:
(1) their common boundary has high average gray level in the transmittance image T,; Figure 8 . A, lnitial image and watershed of its inverse; B, smoothing by erosion-reconstruction and watershed of its inverse.
(2) the modules and phases of both regions are similar enough in one of the sequences.
The reason why the second criterion does not require similarity in both sequences is that the computed phase is not reliable when the module is small. Therefore, we shall select the best example between both sequences, according to a similarity measure we have devised. The merging process is implemented by the following procedure:
(1) We label the regions and boundaries of the binary image resulting from the oversegmentation. Thus, we obtain an image where the gray level at each pixel is equal to the number of the region it belongs to, according to the image scanning order.
(2) The labeled image is represented as an undirected, weighted graph where nodes are regions and arcs are boundaries between adjacent regions. Each node stores a label of its region in order to keep the relationship between graph and image. Also, each arc is weighted with the average gray level of the boundary it represents in T,.
(3) We apply the first criterion removing each arc with a weight less than a threshold t, . These changes are propagated to the initial binary image by setting boundary Module-phase the pixels of the removed boundaries to 1, in this way joining regions in the image domain. Next, we label again and transform the new binary image to a graph. (4) In addition to a region number, we now associate with each node two phases d,,, dd5 and modules m,, rnd5 which are representative of the 0" and 45" module and phase of its region. Then, we weight each arc with a dissimilarity measure d between the two nodes it connects, which is calculated from their representative values. This dissimilarity measure has been designed according to the second criterion, as fo1lows:
d: = rn: + rn;' -2m,mL cos(f, -&), g = 0,45. (13) The distance dg, as Figure 9 illustrates, is the distance between (m,,f,) and (m;,&) taken as vectors in polar form, that is, taking the module as a radius and the phase as an angle. The goal of dg is to return a large dissimilarity when phases are opposite, but also when phases are similar and modules small. (5) The second criterion is applied by removing all those arcs with weight less than a threshold t2. These changes are propagated again to the initial binary image, as in step (3). Thus, we finally obtain the image of merged regions.
Until now, we have not specified how to compute representative values for 0" and 45" modules and phases for each region. We need these values because, the phase and module values within a region may not be uniform. They can change because of interior macles, impurities, and material stress. Moreover, a region can contain part of the real border of a grain, where phase is practically random. The average of their values yields a biased estimation as a result of the influencs of extrema. Therefore, we calculate the representative of each parameter as the mode, that is, the most frequent value.
The final segmentation step is the removal of regions which are placed inside other regions, because we know that there are not interior grains in these types of marble. These regions owe their existence to the fact that the phase at boundaries, and even inside a grain, differs from the rest of the grain. For the removal of interior regions, the ratio between the longer boundary length shared with another region and the total perimeter is calculated for each region. The more a region is included in another one, the closer this ratio will be to one. Consequently, regions whose ratio is less than a new threshold t, are merged.
The values for which we have achieved the best segmentation results for the samples in Figures 10 and 11 are t, = 20, t2 = 3, and t, = 0.6.
RESULTS
Figures 10 and 11 show the segmentation results for six images, each one belonging to a different type of marble. Original images show the two most important problems: ill-defined contours and the presence of strong and false contours because of macles. For most grains and marble types, our method succeeds in locating the correct grain contours, owing to the use of two modules and phases at each point. However, no perfect segmentation is reached on any one of the samples. If we look at the results closely, we can see two classes of errors: on the one hand, we have different grains that appear as an only grain (i.e. on Carrara and Pentelikon) and on the other hand, grains in which merging does not manage to join all their regions (Paros). These errors are mainly the result of the parameters t, , t,, and f,, whose values have been tuned in order to obtain good global results, that is, for all types of marble and for different samples within each quarry. The ranges of t, and t, values for which the segmentation results are not drastically affected are wide, only t, must be accurately selected. The input to our program consists only of the different images taken from the sample, with no previous knowledge of their features. Despite this, we believe that the internal structure of marbles is statistically well preserved in the segmented image: we should still be able to recognize their type through the analysis of grain shape, size, and spatial distribution provided there are enough grains in the image. Further experiments must be carried out in this direction, but initial results seem to confirm this hypothesis.
CONCLUSIONS
We have described a method for the segmentation of marble images which have been acquired through a petrographical microscope. The segmentation consists of the delimination of regions that correspond to grains, in order to be used as input to a posterior phase of classification to determine the quarry of origin.
Given the difficulties of working only with nonpolarized images, our approach has been to emulate the procedure followed by human experts when performing a visual classification of samples. Thus, our method obtains additional information through the illumination of samples with polarized light. In particular, we exploit the image formation model offered by the Johannsen's law which relates the incident and transmitted light intensities through uniaxial crystals. This model allows us to calculate two parameters-module and phase-at each pixel which are characteristic of each grain. They are the input to a region-merging procedure which improves an initial oversegmentation of the transmittance image. Results show that our method achieves the correct segmentation of the majority of grains of a variety of marble types, without any prior knowledge about their features.
